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Summary

The human androgen-receptor gene (HUMARA; GenBank) contains a highly polymorphic trinucleotide
repeat in the first exon. We have found that the methylation of HpaII and HhaI sites less than 100 bp away
from this polymorphic short tandem repeat (STR) correlates with X inactivation. The close proximity of the
restriction-enzyme sites to the STR allows the development of a PCR assay that distinguishes between the
maternal and paternal alleles and identifies their methylation status. The accuracy of this assay was tested on
(a) DNA from hamster/human hybrid cell lines containing either an active or inactive human X chromo-
some; (b) DNA from normal males and females; and (c) DNA from females showing nonrandom patterns
of X inactivation. Data obtained using this assay correlated substantially with those obtained using the
PGK, HPRT, and M27, probes, which detect X inactivation patterns by Southern blot analysis. In order to
demonstrate one application of this assay, we examinedX inactivation patterns in the B lymphocytes of potential
and obligate carriers of X-linked agammaglobulinemia.

Introduction

Dosage compensation in humans is achieved through
random inactivation ofone ofthe twoX chromosomes
in the cells ofnormal females (Gartler and Riggs 1983;
Lyon 1989). This inactivation occurs early in develop-
ment and results in individuals who are essentially
cellular mosaics with either the maternal or paternal
X chromosome inactivated (Lyon 1972). Reduction
of gene expression is believed to result directly from
the inactivation process, and this affects all regions
of the X chromosome, with only a few exceptions
(Gartler and Riggs 1983; Grant and Chapman 1988;
Brown and Willard 1990). Methylation of deoxycy-
tosine residues is hypothesized to be a factor involved

Received March 20, 1992; final revision received August 5,
1992.

Address for correspondence and reprints: Dr. John W. Belmont,
Baylor College of Medicine, One Baylor Plaza, T828, Houston, TX
77030.
i 1992 by The American Society of Human Genetics. All rights reserved.
0002-9297/92/5106-0006$02.00

in the modulation of gene expression, and the 5' re-
gions of genes, especially the promoters and GC-rich
CpG islands, appear to be the targeted areas for meth-
ylation (Wolf et al. 1984; Yen et al. 1984; Keith et al.
1986; Hansen et al. 1988; Toniolo et al. 1988). As of
yet, the sequence of events that leads to methylation
is unknown; however, recent discovery of the XIST
gene in the X inactivation center promises to bring
greater understanding ofthe fundamental mechanisms
of X inactivation (Brown et al. 1991a, 1991b).

Determination of maternal and paternal X chromo-
some activation status is useful in the diagnostic analy-
sis of nonrandom X inactivation patterns. This has
been of interest in studies of clonality of neoplastic
cells in females (Vogelstein et al. 1985; Fearon et al.
1987a) and for evaluating skewed patterns of inactiva-
tion in particular tissues from female carriers of a num-
ber of X-linked recessive diseases (Puck et al. 1987;
Goodship et al. 1988; Greer et al. 1989), females who
are symptomatic carriers of an X-linked recessive dis-
ease (Gomez et al. 1977), and females who are asymp-
tomatic carriers of an X-linked dominant disease
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(Migeon et al. 1981). One method of analyzing X
inactivation takes advantage of the methylation-sensi-
tive restriction enzymes HpaII and HhaI. The most
common probes used in this type of assay are the 5'
regions of the HPRT and PGK genes (Wolf et al. 1984;
Yen et al. 1984; Vogelstein et al. 1987) and, more
recently, the anonymous marker M271 (Boyd and
Fraser 1990; Brown et al. 1990). With each of these
probes, an RFLP (HPRT and PGK) or VNTR (M27i)
is adjacent to a HpaII or HhaI enzyme site, and methyl-
ation of the site correlates with X inactivation. This
enables the methylation status of both the maternal
and paternal X chromosomes to be determined in an
assay using Southern analysis or PCR (Singer-Sam et
al. 1990). Another method used in detecting nonran-
dom X inactivation patterns involves the production
of hamster/human hybrids (Puck et al. 1987). This
method is limited to cells that can be fused with HPRT-
negative hamster cells. The hybrids are selected for
HPRT production and, therefore, the active human
X chromosome. The hybrids readily lose the human
chromosomes and will only consistently retain a hu-
man chromosome under selection for a gene on that
chromosome. When DNA from individual HPRT-
positive hybrid clones is analyzed, with X-linked
probes, the ratio of hybrids retaining the maternal or
paternal X chromosome as the active X chromosome
indicates the pattern of X inactivation.

In this report we show that the methylation ofHpaII
and HhaI sites in the first exon of the human androgen-
receptor locus correlates with X inactivation. The
close proximity of these enzyme cleavage sites to a
highly polymorphic (20 alleles, 90% heterozygosity)
short tandem repeat (STR) allows the use of a PCR
assay to identify the methylation patterns of the mater-
nally and paternally derivedX chromosomes. Samples
tested with the assay include DNA from normal males
and females, DNA from hamster/human hybrids that
contain either an active or inactive human X chromo-
some, and DNA from females who show skewed X
inactivation patterns. The data obtained using the de-
scribed PCR assay correlated substantially (22 of 24
samples) with those obtained from the established
assays that use Southern analysis. To illustrate one
of the many potential applications of this assay, we
examined the X inactivation patterns in the B lympho-
cytes of carriers of X-linked agammaglobulinemia
(XLA). In carriers for this disorder, there is skewing
of X inactivation in the B lymphocytes (Conley et al.
1986; Fearon et al. 1987b; Conley and Puck 1988).
A family with a history of XLA was studied, and pre-

dictions of carrier status that were made on the basis
of (a) the independent results of the androgen-receptor
assay as a carrier test and (b) linkage analysis corre-
lated completely.

Subjects and Methods

Subjects
Tissue samples were obtained from informed and

consenting individuals. A total of 6 normal males, 10
normal females, 24 females with known X inactiva-
tion patterns as assessed previously by established pro-
cedures, and 13 individuals from a family with a his-
tory of XLA were studied.

PCR

DNA from hamster/human hybrid cell lines con-
taining either an active or inactive human X chromo-
some were obtained from Dr. A. C. Chinault (Institute
for Molecular Genetics, Baylor College of Medicine).
Human DNA was isolated from peripheral blood by
standard procedures (Maniatis et al. 1982). For each
DNA sample, three reactions were prepared: in one,
2 gg of DNA was digested with 20 U HpaII (Phar-
macia); in another, 2 gg ofDNA was digested with 20
U HbaI (Pharmacia); in the last, DNA was incubated
with the enzyme digestion buffer with no enzyme. All
reactions were 20 pl in total volume, and all incuba-
tions were for 12 h at 370C. After digestion, the reac-
tions were terminated by incubating the mixture at
950C for 10 min. From this reaction, 2 pl was added
to 30 jil total volume PCR reaction containing both
oligonucleotide primers at a concentration of 1 gM,
250 uM dNTPs (Pharmacia), 0.05 U Taq polymer-
ase/il (Perkin-Elmer), 0.134 nCi a-32P dCTP/pl
(>3,000 Ci/mmol; ICN), 2.5 mM MgCl2, 50 mM
KC1, 10 mM Tris-HCl (pH 8.3), and 0.01% (w/v)
gelatin. Oligonucleotides were synthesized on an ABI
380B oligonucleotide synthesizer by the nuclear acid
core facility of the Institute for Molecular Genetics
at Baylor College of Medicine. The sequences of the
primers were obtained from sequences reported else-
where (Tilley et al. 1989): primer 1, 5'-GCTGTGAA-
GGTTGCTGTTCCTCAT-3'; and primer 2, 5'-TCC-
AGAATCTGTTCCAGAGCGTGC-3'. Samples were
amplified using a Perkin-Elmer thermocycler for 28
cycles (each comprising 45 s at 950C, 30 s at 600C,
and 30 s at 720C), with an initial denaturation at
950C for 5 min. Two microliters of the PCR product
was mixed with 5 pl of sequencing gel-loading buffer
(98% deionized formamide, 10 mM EDTA [pH 8.0],
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0.025% xylene cyanol FF, and 0.025% bromophenol
blue). One and a half microliters of this mixture was
loaded on a denaturing 6% 39:1 acrylamide/bis-
acrylamide gel (8 M urea and 1 x TBE), and electro-
phoresis was performed at 80W for 3 h. The gel was
dried and exposed to X-ray film (X-OMAT AR; Ko-
dak) at - 80'C for 12 h with an intensifying screen.
Autoradiographs were then scored blindly.

Southern Hybridization
Human DNA was isolated by standard procedures

(Maniatis et al. 1982) from peripheral blood. HPRT,
PGK, and M27, heterozygosity were identified ac-
cording to methods reported elsewhere (Wolf et al.
1984; Yen et al. 1984; Fraser et al. 1987; Vogelstein
et al. 1987). Enzymes used were obtained from Boeh-
ringer-Mannheim. The HPRT and PGK probes were
provided by Bert Vogelstein (Johns Hopkins Univer-
sity); the M270 probe was provided by Ian Craig (Uni-
versity of Oxford). Probes were labeled with a-32P
dCTP (>3,000Ci/mmol; ICN) to a specific activity of
>5 x 108 cpm / gg by using random hexamer priming
and extension with the Klenow fragment of DNA
polymerase I (Pharmacia) (Feinberg and Vogelstein
1983). Southern hybridization was performed using
Nytran (Schleicher and Schuell) membranes. In order
to determine X inactivation patterns for the HPRT,
PGK, and M27JB probes, procedures described else-
where (Wolf et al. 1984; Yen et al. 1984; Vogelstein
et al. 1987; Boyd and Fraser 1990; Brown et al. 1990)
were used. All autoradiographs were scored blindly.

Carrier Analysis for XLA
B lymphocytes were isolated from the peripheral

blood of individuals by using CD19 immunomagnetic
beads (Dynal, Inc.) according to a method described
elsewhere (Moseley and Huston 1991). The estimated
purity by flow cytometry was 95%-98%. Pelleted B
lymphocytes (2.6 x 105) were resuspended in 75 pl of
lysis buffer (0.1 mg proteinase K/ml, 3.4 pM SDS,
40 mM DTT, 2.5 mM MgCl2, 50 mM KCl, 10 mM
Tris-HCl [pH 8.3] , and 0.01% gelatin) and were incu-
bated at 371C for 4 h. The reaction was then incu-
bated at 850C for 10 min. For each B lymphocyte
sample, two incubations were prepared: in one, 5 gl
of the lysis reaction was digested with 10 U HpaII
(Pharmacia); and, in the other, 5 .l ofthe lysis reaction
was incubated with the enzyme digestion buffer and
no enzyme. The reactions were 10 pl total volume
and incubated at 370C for 12 h. The reactions were
terminated at 950C for 10 min. From the reactions,

5 Rl was added to a 20-gi total volume PCR reaction
with concentrations and conditions as noted above.
The only difference was the absence of MgCl2 from
the PCR reaction buffer; this is provided by the enzyme
digestion buffer in the 5 Rl that is amplified from the
digestion reaction. To control for skewing arising by
stochastic mechanisms, CD19- cells were analyzed.
These CD19- cells consist predominantly of T lym-
phocytes.

Results

A 280-bp PCR amplification unit including the
flanking HpaII and HhaI sites and the trinucleotide
repeat element (nucleotides 229-508 [HUMARA;
GenBank]; accession number M21748) was devel-
oped for the human androgen-receptor locus. When
the template DNA is digested initially with either
HpaII or HhaI, amplification will only occur if the
restriction sites are methylated; if any of the sites are
unmethylated, digestion will occur between the flank-
ing oligonucleotides, and amplification will not be
possible. If methylation of these sites correlates with
X inactivation, a product will be obtained only when
the X chromosome is inactive. The close proximity of
the repeat to the methylation-sensitive restriction-en-
zyme sites enables the maternal and paternal X chro-
mosomes in a female to be distinguished from each
other. In a female in which nonrandom X inactivation
is present, the more commonly inactivated allele will
be preferentially amplified, and this will be detected
by a stronger band appearing for that allele (fig. 1).

In order to verify that the methylation status of the
restriction-enzyme sites correlated with X inactiva-
tion, the assay was performed on DNA from hamster/
human hybrid cell lines that contain either a single
active or inactive human X chromosome. The DNA
was digested with one of the methylation-sensitive en-
zymes, followed by PCR across the region. One would
predict that the hybrid with the inactive X chromo-
some would generate a product while the hybrid with
the active X chromosome would be digested by the
restriction enzymes and fail to amplify. As seen in
figure 2 (samples 1 and 2), a PCR product was not
obtained from the hybrid that contained an active X
chromosome, while a product was obtained from the
hybrid that contained an inactive X chromosome.
To test the assay on heterozygous and hemizygous

cells, DNA isolated from blood samples of 6 normal
males and 10 normal females was analyzed using the
assay. The DNA from males did not amplify after
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Figure I A, Diagram of the region amplified in the first exon of the human androgen receptor. Two HhaI and two HpaII sites are

within 100 bp 5' to the polymorphic CAG repeat. Methylation of these enzyme sites correlates with X inactivation. Oligonucleotide primers
1 and 2 are designed to flank both the methylation-sensitive restriction-enzyme sites and the CAG repeat simultaneously. Sequences for
these primers are listed in Subjects and Methods. B, Analysis ofX chromosome inactivation patterns by PCR in the first exon of the human
androgen receptor locus. The flow diagram illustrates expected results from DNA isolated from cell populations showing either random
(left) or nonrandom (right) X inactivation patterns. M and P = maternal and paternal X chromosomes, respectively; (CAG)m and (CAG)p
= allele associated with the polymorphic CAG repeat on the maternal and paternal X chromosomes, respectively. After incubation with
the methylation-sensitive enzymes HpaII or HhaI, the sites on the active X chromosome (checkered) will be cleaved, since they are

unmethylated; the sites on the inactive X will not be cleaved, since they are methylated. Amplification by PCR between these primers will
only yield a product from the uncleaved inactive X chromosome. The X inactivation patterns are therefore assessed in a female who is
informative at the CAG repeat. The maternal and paternal alleles are resolved using PAGE (polyacrylamide gel electrophoresis). The
HUMARA alleles are shown as single bands, for graphic clarity. In practice, each allele is represented by two major and two or more minor
bands (Edwards et al. 1992).
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+b +.a +b a+b +a+b, bas, +a+b X inactivation (Wolf et al. 1984; Yen et al. 1984;

~~~~~: ~~ ~ ~ ~ ~ ,% Vogelstein et al. 1987; Boyd and Fraser 1990; Brown
et al. 1990). These assays require two separate restric-
tion digests. 'In the first digest, the DNA is incubated

..... iL with the enzyme(s) that detects the RFLP or VNTR;
in the second reaction, the DNA is digested with both
the enzyme(s) that detects the RFLP or VNTR and
the methylation-sensitive restriction enzyme. The first

-; ---- digestion detects the alleles present at the locus, while
gure 2 Analysis of methylation of HpaII and HMaI sites at the second detects the methylation status of each of
human androgen-receptor locus. Hamster/human hybrid con- the alleles in the DNA sample. With the HPRT and
ns an active human X chromosome (gels 1), hamster/human PGK probes, the methylated allele is contained on the
brid containing an inactive human X chromosome (gels 2), nor- inactive X chromosome (Wolf et al. 1984; Yen et al.
1 males (gels 3 and gels 4), and normal females (gels 5 and gels 1984; Vogelstein et al. 1987); however, with the
Lanes + a, DNA amplification with HpaII predigestion. Lanes
, DNA amplification with HhaI predigestion; Lanes -, DNA M p
plification without predigestion. the active X chromosome (Body and Fraser 1990).

As shown in figure 3A, DNA samples from females

enzyme digestion (fig. 2, samples 3 and 4). This result
supports the concept that the active X chromosome is
unmethylated, as suggested by the hamster/human
hybrid analysis. DNA from normal females who were
heterozygous at the CAG repeat amplified at both al-
leles after enzyme digestion, as indicated by four
bands. Each allele is represented by two major bands
and several of lesser intensity. Because internal 32p_
dCTP-incorporation labeling is used, both strands of
DNA are detected (i.e., each single-stranded DNA mi-
grates slightly differently in the gel, because of comple-
mentary base composition). The lighter-intensity
bands are presumed to arise in the PCR as multiples
of the repeat unit, presumably caused by slippage of
the polymerase during PCR. In one sample (fig. 2,
sample 6), the intensity of the two alleles is approxi-
mately equal, indicating random X inactivation. In
the other female DNA sample (fig. 2, sample 5), the
intensity of one of the alleles is greater than that of the
other allele, indicating skewed X inactivation in an
otherwise normal female.
DNA samples were also characterized from 24 fe-

males who had been previously studied by Southern
analysis with at least one or more of the following
probes: PGK, HPRT, and M2713. By Southern analy-
sis, these samples were known to have random or
skewed patterns of X inactivation and were chosen
accordingly, to provide a substantial base for compari-
son of the PCR and Southern techniques. With each
of the probes used, an RFLP (HPRT and PGK) or
VNTR (M270) is closely associated with either a
HpaII or HhaI restriction site, and the methylation of
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Figure 3 Analysis of X inactivation patterns by using the
reported PCR assay and the PGK probe. X inactivation patterns
were studied on DNA samples from the peripheral blood of females.
Four examples are shown here: gels 1, gels 2, gels 3, and gels 4 refer
to samples 18, 19, 4, and 3, respectively (see table 1). A, Analysis
of X inactivation by using the PGK probe. Lanes +, Southern
analysis on DNA digested with BstXI, PstI, and HpaII. Lanes -,
Southern analysis on DNA digested with BstXI and PstI. B, Analysis
of X inactivation on the same samples shown in A, using the re-
ported PCR assay associated with the human androgen-receptor
locus. Lanes + , PCR after HpaII predigestion. Lanes - , PCR with-
out predigestion.
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exhibiting both random and nonrandom X inactiva-
tion patterns were analyzed using these probes. In a
DNA sample with random X inactivation (fig. 3A,
sample 1), the double-digestedDNA shows two bands
of equal intensity from each allele, corresponding to
the allele cut and uncut with the methylation-sensitive
enzyme. In a sample showing nonrandom X inactiva-
tion (fig. 3A, samples 2-4), one of the alleles is pre-
dominantly digested while the other allele is chiefly
undigested. Table 1 lists each of the DNA samples
studied and whether the sample exhibited a nonran-
dom or random pattern of X inactivation as detected
by PGK, HPRT, or M2713. One of the samples (table
1, sample 6) was examined by hybrid analysis exclu-
sively.
The samples discussed above were also studied us-

ing the androgen-receptor assay. Methylation pat-
terns were scored by analyzing samples with and with-
out HpaII or HhaI digestion (fig. 3B), if the individual

Table I

X Inactivation Patterns Observed by Using
Southern Analysis and the Androgen
Receptor Assay

DNA PGK HPRT M27P HUMARA

1 NR ... ... NR
2 R R ... R
3 NR ... ... NR
4 NR ... NR NR
5 NR ... ... NR
a6a........ ...... ... NR

7 NR ... ... NR
8 R R ... R
9 R ... ... R
10. ... ... R R
11 R ... ... R
12 .... R ... ... R
13... ... R R
14 ... R ... R
15. ... ... NR NR
16 R ... ... R
17 R ... ... R
18 R ... ... R
19 NR ... ... NR
20 R ... ... R
21 R ... ... R
22 R ... ... NR
23 .. ... NR NR
24 .. ... NR R

NOTE. -NR = nonrandom X inactivation; and R= random X
inactivation. An ellipsis (... .) indicates that the sample was either
uninformative or not analyzed with that probe.

a Examined by hybrid analysis only.

was heterozygous at the locus. The alleles in the undi-
gested sample were always of approximately equal
intensity; methylation patterns were determined by
comparing the intensity of the two alleles in samples
that had been digested with the restriction endonucle-
ases. In a situation of random X inactivation (fig. 3B,
sample 1), the alleles were still of equal intensity after
digestion. If nonrandom X inactivation was present
(fig. 3B, samples 2-4), one of the alleles was more
intense than the other, after digestion. The results ob-
tained in this assay correlated substantially with those
from PGK, HPRT, and M27I probes (fig. 3 and table
1). Of the 24 samples selected for analysis that were
informative at the androgen-receptor locus, 9 showed
nonrandom X inactivation with both the androgen-
receptor assay and one or more of the Southern blot
assays, and 13 showed random X inactivation with
both the androgen-receptor assay and one or more of
the Southern blot assays. Two samples, however, gave
conflicting results on both Southern analysis assays
and the androgen-receptor assay. With sample 22 (ta-
ble 1), results obtained with the PGK probe show es-
sentially random X inactivation, while the androgen-
receptor assay gives an - 75:25 pattern ofnonrandom
X inactivation. With sample 24 (table 1), results ob-
tained using the M271 probe show an - 80:20 pattern
of nonrandom X inactivation, while the androgen-
receptor assay gives an essentially random X inactiva-
tion pattern. Therefore, of the 24 samples studied, 22
gave identical results by both the androgen-receptor
assay and the Southern analysis assays.
A family with a history of XLA was analyzed using

the androgen-receptor locus assay (fig. 4). Carriers for
XLA show essentially 100% skewing ofX inactivation
in the B lymphocytes (Conley et al. 1986; Fearon et
al. 1987b; Conley and Puck 1988), because of a devel-
opmental defect in precursor cells expressing the mu-
tant allele. By isolating the DNA from the CD1 9 + cells
(93%-96% B lymphocytes) of potential and obligate
carriers in the family, we were able to detect X inacti-
vation patterns in the B lymphocyte population. The
DNA from the CD19- cells (which are predominantly
T lymphocytes) of these individuals was also analyzed,
to control for skewing arising by stochastic mecha-
nisms; carriers for XLA have normal T cell develop-
ment and do not exhibit skewing of X inactivation in
their T cells (Conley et al. 1986; Fearon et al. 1987b;
Conley and Puck 1988). The three obligate carriers
(II-2, III-2, and III-4; fig. 4B) all show skewing in their
B cells and no skewing in their T cells. Two potential
carriers (IV-2 and IV-5) also show skewing in their B
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Figure 4 A, Family with a history of X-linked agammaglob-
ulinemia (XLA). Affected individuals are denoted by blackened
squares; and obligate carriers are denoted by circles with a dot.
Allele designations for DXS94 and 178 CA (see text) are shown
below the number associated with each individual. B, Analysis of
X inactivation patterns in the CD19 - and CD19 + cells of potential
and obligate carriers of XLA. Four lanes are associated with each
individual: the first two lanes B designate DNA isolated from the
CD19 + cells (predominantly B lymphocytes) of the individual, and
the two lanes T designate DNA from the CD19 - cells (predomi-
nantly T lymphocytes) of the individual. Lanes + , HpaII prediges-
tion. Lanes -, No predigestion.

cells and no skewing in their T cells. One potential
carrier (I-1) shows no skewing in the B cells or T cells,
and another potential carrier (11-1) is uninformative
for the CAG repeat. By the carrier test alone, individu-
als 11-2, III-2, 111-4, IV-2, and IV-5 are carriers for
XLA; individual I-1 is not a carrier for XLA; and no

prediction can be made for individual II-1.
The family was also studied by linkage analysis,

to assess carrier status. XLA has been mapped to
Xq21.3-22 by linkage analysis (Kwan et al. 1986).
Two probes, DXS94 and DXS178, have been found
to be tightly linked to the locus (Malcolm et al. 1987;
Kwan et al. 1990). We have also identified a polymor-
phic CA repeat from a yeast artificial chromosome
(YAC) that contains DXS178 (Allen and Belmont
1992), and this repeat has been found to be useful
in the analysis of families with XLA (M. E. Conley,
personal communication). When the family was ana-

lyzed with these three probes, the TaqI polymorphism
ofDXS178 was found to be entirely uninformative for
the family, while DXS94 and DXS178 CA repeat were
both informative in most of the individuals (fig. 4A).
In this pedigree, XLA is associated with the 6.5 allele
from DXS94 and with the 1 allele from the CA repeat.
When the linkage information is used to predict carrier
status, individuals 11-2, III-2, 111-4, IV-2, and IV-5
are carriers, and individual I-1 is not a carrier. The
mutation appears to have originated from individual
1-2; therefore, individual II-1 is not a carrier, unless
there is gonadal mosaicism in individual 1-2. When
the data from the carrier analysis, which assessed X
inactivation patterns, are compared with data from
linkage analysis, the results correlate, with no incon-
sistencies.

In order to demonstrate the quantitative potential
of the described assay, a reconstruction experiment
was devised by mixing purified CD19 + cells from two
males who had different alleles at the androgen-
receptor polymorphic trimeric repeat (fig. 5). A total
of 2.6 x 105 cells were mixed at various ratios and
were analyzed according to the method described for
the carrier assay. In this case theDNA was not digested
with HpaII but was treated in the manner described

100:0

90:10

80:20

.. A. ~70:30
60:40

50:50

Figure 5 Cell-mixing experiment between two males who
have different alleles at the trimeric repeat. Cells were mixed in
ratios shown to the right of the gels. PCR was performed on undi-
gested DNA from each of these mixtures.
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for the undigested control. These results show that,
within the range of clinically relevant percentages, the
PCR products reflect the starting template concen-
tration.

Discussion

Differential methylation at the 5' portions of genes
on the X chromosome is hypothesized to be one of
the primary factors involved in X inactivation (Lyon
1972, 1989; Gartler and Riggs 1983). This methyla-
tion has been especially noted at the deoxycytosine
residues in CpG dinucleotides (Wolf et al. 1984; Yen
et al. 1984; Keith et al. 1986; Hansen et al. 1988;
Toniolo et al. 1988). The identification of the methyl-
ation-sensitive restriction enzymes HpaII and HhaI,
both of which contain CpG dinucleotides in their rec-
ognition sites, has facilitated methylation analysis,
since these enzymes only digest the DNA when the
deoxycytosine residue is unmethylated. The methyla-
tion status of particular genes that contain HpaII sites
or HhaI sites in their 5' regions can be analyzed using
these methylation-sensitive enzymes; however, the pa-
ternal and maternal copy of the genes must be distin-
guished from each other in females, if any assessments
of methylation are to be made. With the HPRT and
PGK genes, RFLPs closely associated with the methyl-
ation-sensitive restriction sites in the 5' portion of
these genes have been identified, so that the methyla-
tion status of both the maternal and paternal X chro-
mosomes can be distinguished (Wolf et al. 1984; Yen
et al. 1984; Vogelstein et al. 1987). Another probe in
this type of analysis using Southern hybridization in
M271, which detects a VNTR. With this probe, the
unmethylated allele is derived from the inactive X
chromosome, and the methylated allele is derived
from the active X chromosome (Boyd and Fraser
1990; Brown et al. 1990). M271 has not been shown
to be associated with any expressed sequences.
The human androgen-receptor locus spans >90 kb

ofDNA and has been mapped to Xcen-q13 (Kuiper et
al. 1989). The cDNA from the gene has an open read-
ing frame of 2,751 nucleotides, from which a protein
917 amino acids in length is translated (Tilley et al.
1989). A unique feature of the gene is the presence
of an in-frame CAG trimeric repeat encoding 11-31
glycine residues in the first exon. This repeat is highly
polymorphic, with a heterozygosity of 90%, and 20
alleles associated with the repeat have been identified,
corresponding to 11-31 CAG repeat units (Edwards
et al. 1992). Variations in the length of this repeat

recently have been implicated in X-linked spinal and
bulbar muscular atrophy (LaSpada et al. 1991). The
fortuitous proximity of two HpaII restriction sites (20
bp and 60 bp proximal) and of two HhaI restriction
sites (37 bp and 78 bp proximal) adjacent to the tri-
meric repeat led us to test whether the methylation
status of the restriction sites correlated with X inacti-
vation.
We report in this paper the correlation between

methylation of the HpaII and HhaI sites in the human
androgen-receptor locus andX inactivation. This gene
has previously been shown to be affected by X inacti-
vation (Meyer et al. 1975); however, no convenient
methylation-sensitive enzyme sites that correlate with
the X inactivation status at this locus have been re-
ported. The close association of the enzyme sites with
the repeat enabled the methylation status of the en-
zyme sites on both the maternal and paternal X chro-
mosomes to be determined at a very high frequency in
females, because of the highly informative nature of
this repeat when a convenient and rapid PCR assay
was used. Samples tested include DNA from hybrids
containing an active or inactive human X chromo-
some, females displaying both random and nonran-
dom patterns of X inactivation, and normal males.
We found that both HpaII sites and both HhaI sites
were consistently methylated on the inactive X chro-
mosome, while one or both of the HpaII sites and one
or both of the HhaI sites were unmethylated on the
active X chromosome. Each enzyme site was not ana-
lyzed separately because the primers were designed to
flank the repeat and all four enzyme sites simultane-
ously. The presence of two, rather than only one, of
each of the methylation restriction-enzyme sites is ad-
vantageous, since there could be some slight variation,
in methylation patterns, between X chromosomes.
Having two targets- rather than one- for the methyl-
ation involved in X inactivation may insure a more
consistent result.

This assay may be applied in cases where nonran-
dom X inactivation is suspected in individual females.
Situations in which this could arise include clonal neo-
plasms, skewing of inactivation in particular tissues of
females who are carriers for various X-linked diseases,
carrier females manifesting an X-linked recessive dis-
ease, and carrier females who do not manifest an
X-linked dominant disease. Although we have shown
that the methylation of the HpaII and HhaI sites corre-
lates with X inactivation, using both enzymes in the
assay does not increase the information gained, com-
pared with using just one of the enzymes.
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The utility of the androgen-receptor assay relies on
the high heterozygosity associated with the polymor-
phic CAG repeat and on the ease and sensitivity of
the PCR reaction. These two characteristics make the
assay complementary to previously published assays

that detect X inactivation patterns. The combined
heterozygosity of the PGK probe (30% heterozygous),
HPRT probe (18% heterozygous), and M27I probe
(>90% heterozygous) is - 94%; the addition of the
90% heterozygosity associated with the androgen-
receptor locus pushes the combined heterozygosity of
the four assays to >99%. However, this combined
heterozygosity is only valid in those situations that
provide enoughDNA to perform both Southern analy-
sis and PCR. If tissue availability is limited to amounts
that can only be studied using PCR, then the recently
published PCR assay using the PGK locus (Singer-Sam
et al. 1990; Gilliland et al. 1991) along with the andro-
gen-receptor assay gives a 93% combined heterozy-
gosity. Without the androgen-receptor assay, the het-
erozygosity available through PCR assays would be
that of the PGK locus (30%).
The semiquantitative nature of both the Southern

and PCR assays may lead to some complications in
interpreting X inactivation patterns that are not per-

fectly random or 100% skewed. This is especially ap-

parent with the two conflicting samples noted above.
In each of the conflicting situations, X inactivation
patterns are neither perfectly random (50:50) nor per-

fectly nonrandom (100:0). Whether this is due to actu-
ally conflicting results with each of the assays or to
quantitative limitations due to the nature of each of
the assays is unknown. There is also the possibility of
allele-specific competition, where one allele may be
more easily amplified than another. We have not con-

clusively observed this phenomenon, but it may play
a role in future experiments. Figure 5 addresses the
quantitative potential of the assay and shows the
quantitative possibilities available with this assay.

Studies designed to address the quantitation problem
are ongoing and are leading to a more precisely quanti-
tative and automated approach in determining exact

percentages of skewing in X inactivation patterns.
This is being approached by using a fluorescently la-
beled primer in the amplification and then analyzing
the products on a device used in automated se-

quencing.
The sensitivity and semiquantitative nature of the

PCR reaction are especially useful in the development
of a carrier diagnosis for XLA. XLA, first described
by Bruton (1952), is a disorder in which the B lympho-

cytes of affected individuals are unable to differentiate
or develop (Rosen et al. 1984). The defect has been
found to be cell autonomous, and this is dramatically
illustrated in carriers who show 100% skewing of X
inactivation in their B lymphocytes: the entire popula-
tion of B lymphocytes in carriers contains the XLA
defect on the inactive X chromosome (Conley et al.
1986; Fearon et al. 1987b; Conley and Puck 1988). The
difficulty in obtaining sufficient quantities of purified
B lymphocytes has made X inactivation analysis using
Southern analysis impractical. Carrier analysis as-
sessed through fusion ofB lymphocytes from potential
carriers with HPRT-negative hamster cells in order to
assess X inactivation patterns (Conley et al. 1986;
Fearon et al. 1987b; Conley and Puck 1988) has been
shown to yield consistent results; however, the labor
and cost have restricted application of the assay. The
carrier analysis reported here has been shown to be
fast, easy to interpret, and consistent with results ob-
tained by linkage analysis. However, the separation
procedure for the B lymphocytes must insure purity so
that contaminating cells will not give false results.
A potential difficulty in interpretation of all X inac-

tivation assays is the occurrence of skewed inactiva-
tion via stochastic or nonselective mechanisms. In the
case of XLA, the T lymphocytes provide a reasonable
control, since they arise from a common marrow pre-
cursor and have roughly similar population dynamics.
The finding of skewed X inactivation in the T cell
lineage toward the same allele in a potential XLA car-
rier would indicate that the B cells were not selectively
involved. The analysis would therefore be uninforma-
tive for that individual. Vogelstein et al. (1985) found
3 / 81 normal females with significant skewing in pe-
ripheral blood leukocytes by Southern analysis. Ade-
quate controls are therefore required for each individ-
ual studied. We are currently collecting data on
skewing in B cells in a large control population to
determine whether this frequency varies in the more
restricted cell lineage.
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